The applications of pressure work, pressure-dilatation, and dilatation-dissipation (Sarkar, Zeman, and Wilcox) models to hypersonic boundary flows are investigated. The flat plate boundary layer flows of Mach number 5-11 and shock wave/ boundary layer interactions of compression corners are simulated numerically. For the flat plate boundary layer flows, original turbulence models overestimate the heat flux with Mach number high up to 10, and compressibility corrections applied to turbulence models lead to a decrease in friction coefficients and heating rates. The pressure work and pressure-dilatation models yield the better results. Among the three dilatation-dissipation models, Sarkar and Wilcox corrections present larger deviations from the experiment measurement, while Zeman correction can achieve acceptable results. For hypersonic compression corner flows, due to the evident increase of turbulence Mach number in separation zone, compressibility corrections make the separation areas larger, thus cannot improve the accuracy of calculated results. It is unreasonable that compressibility corrections take effect in separation zone. Density-corrected model by Catris and Aupoix is suitable for shock wave/boundary layer interaction flows which can improve the simulation accuracy of the peak heating and have a little influence on separation zone.
Introduction
With the rapid development of hypersonic vehicles, accurate prediction of the skin friction and heat flux is critical for the vehicle design. Numerical simulation is a major method for hypersonic boundary flows and turbulence model is one of the most important factors affecting computational accuracy. The most common turbulence models are set up for incompressible flows. When they are applied to hypersonic compressible flows, compressibility corrections are need. Compressibility corrections are performed by two ways. The one is the modification of mean flow equations with consideration for the variations of mean density using Favre averaging. The other is adding the compressibility corrections in turbulence kinetic energy (TKE) equation by modeling the extra compressible terms appeared explicitly with the consideration for compressible effects on turbulence structure itself.
For the simulations of wall-bounded turbulence flows, explicit compressibility corrections are not considered to be important up to a Mach number of at least 5. Morkovin hypothesis 1 states that the fluctuations of thermodynamic variables such as pressure, density, and temperature are relatively small compared with the mean variables for Mach number up to about 5. The compressibility is mainly expressed as the effect on mean flow. The compressible turbulence models can be obtained by direct varied-density extension of incompressible turbulence models. However, with the gradual increase of Mach number, compressibility effects on turbulence structure become significant and explicit compressible terms in turbulence kinetic equation cannot be ignored.
In the Favre averaging framework, three compressible terms arise in TKE equation compared with its incompressible form. They are dilatation-dissipation, pressure-dilatation, and pressure work. 2 The compressibility corrections are mainly for these three terms. There are plenty of investigations on compressibility corrections and some methods [3] [4] [5] [6] [7] are presented. At the early stage, the compressibility investigations are focused on the mixing layer and the decrease in growth rate in the mixing layer with increasing Mach number is observed in experiments and direct numerical simulation (DNS). Compressibility corrections are devised to deal with the effects of compressibility on the dissipation rate of the TKE. Sarkar et al., 3 Wilcox, 4 and Zeman 5 present compressibility correction separately for dilatation-dissipation term which are based on the turbulence Mach number. Sarkar et al. 3 modeled the ratio of the dilatation-dissipation to the solenoidal dissipation as a function of the turbulence Mach number. Zeman 5 takes the compressibility effect into account with the consideration for dissipation by shocklet structure in compressible flows and compares the variation of mixing layer growth rate as convective Mach number with experiments. Pressure-dilatation model proposed by Sarkar 6 adds the pressure-dilatation term in k equation on the basis of turbulence Mach number similarly. Pressure work 7 is the scalar product of Favre averaged velocity fluctuation and mean pressure gradient which is modeled by Speziale with gradient law. However, these compressibility corrections are mainly applied to free-shear or jet flows and the investigation of their applicability to compressible boundary layer flow is worthwhile.
Except the corrections for compressible terms in k equation, rapid compression fix is proposed by Coakley and Huang 8 to improve predictions of flow separation in shock wave/boundary layer interaction. Turbulent length scale correction 9 is devised to reduce the large overshoot in heat transfer rates near reattachment by introducing an upper bound on the turbulent length scale. Stress limiter 10 suppresses the magnitude of the Reynolds shear stress when production of TKE exceeds its dissipation. But the stress limiter coefficients are chosen experientially. In addition, Sarkar 11 finds that the decrease in TKE is due to the decrease in production term of TKE rather than dilatation compressibility effects in DNS results for shear layer flows. Sinha and Balasridhar 12 point out that the TKE will increase rapidly to an extremely high value across a shock wave resulting in an amplification of turbulent eddy viscosity. The various disputes indicate that compressible turbulence especially for hypersonic flows needs to be studied deeply.
In application aspect, Grasso and Falconi 13 performed numerical simulations for two cases of flat plat and compression corner flows adopting the dilatation-dissipation, pressure-dilatation, pressure work corrections, and turbulence length scale correction synthetically in k-e equations. The researches show that the compressibility corrections can contribute to reducing the peak heating. But the investigations do not evaluate the difference of various compressibility corrections in detail and numerical cases are relatively few. Rumsey 14 studied the application of Wilcox and Zeman dilatation-dissipation correction to the flat plate boundary layer flows. But the computational results are lack of validation with experimental data and only compared with Van Driest correlations. The researches of separation flows are not carried out. Tu et al. 15 analyze the accuracy for compression corners adopted pressuredilatation by Sarkar and dilatation-dissipation by Wilcox with high-order numerical schemes. Liu 16 gives a new approximation of pressure work and considers it to be important. Dong and Zhou 17 evaluate the BaldwinLomax (BL) algebraic turbulence models for hypersonic flows and results show that the Prandtl number is not constant in DNS. The turbulent eddy viscosity computed by Spalart-Allmaras (SA) and k-e models is overestimated while BL model underpredicts it in DNS results of flat plate by Li et al. 18 at Mach 6.0. Catris and Aupoix 19 propose a correction of the diffusion terms in turbulent models to make the models compatible with the logarithmic law for a compressible boundary layer.
At present, the influence of different compressibility corrections on simulation accuracy for hypersonic flows is not understood deeply. The systematic recognition does not form on how to use these models in numerical simulations. In this article, the application study is carried out for hypersonic boundary layer flows with the various compressibility correction models including dilatation-dissipation (Sarkar, Zeman, and Wilcox), pressure-dilatation, pressure work, rapid compression fix, and density-corrected model by Catris. First, compared with the experimental data of hypersonic flat plate turbulent boundary layer, the suitability of different compressibility correction models are assessed detailedly over a wide range of Mach numbers, and the effects on velocity profiles, friction, and heat transfer are evaluated. Secondly, compared with hypersonic compression corner experiments, the effects of compressibility corrections on separation zone size and heat transfer distribution are studied for shock wave/boundary layer interaction, and the physical mechanism of influence tendency is analyzed. Finally, the densitycorrected model by Catris is studied.
Numerical methods
The numerical computations adopt ACANS (Aerodynamic, Combustion and Aerothermodynamic Numerical Simulation) finite difference program of National Laboratory of Computational Fluid Dynamics. The accuracy of ACANS finite difference code has been verified by several studies. 20, 21 The governing equations are Favre averaged Navier-Stokes equations. The compressible turbulence models are fully coupled with the mean flow equations. The convection terms are computed by Advection Upstream Splitting Method by Pressure-based Weight functions (AUSMPW) 22 scheme in conjunction with the Monotone Upstream-centered Scheme for Conservation Laws (MUSCL) 23 interpolation to achieve second-order accuracy. The viscous terms are discretized by secondorder central difference scheme. Implicit Lower-Upper Symmetric Gauss-Seidel (LU-SGS) 24 method is used for time advancing. The k-v shear stress transport (SST), kv models, and their compressible forms are applied to numerical computations.
Governing equations
The Favre averaged Navier-Stokes 2 equations for conservation of mass, momentum, and energy are as follows
where r, u i , and p represent the density, cartesian velocity components, and pressure respectively; E is the total energy per unit mass; h is the enthalpy per unit mass; k is the TKE; Pr l and Pr t are molecular and turbulent Prandtl numbers; the shear stress terms b t ij are composed of a laminar and a turbulent component as
The laminar component is
where m l is molecular viscosity and S ij is the symmetric part of the mean strain tensor defined by
The turbulent component is
where m t is turbulent viscosity.
Compressible form of two-equation turbulence models
Compressibility corrections for k-v SST turbulence model 25 are expressed as
where v is the specific dissipation rate; turbulence production term is defined as P k = t ij ∂u i /∂x j ; F 1 is blending function; P c1 and P c2 are pressure work and pressuredilatation terms respectively; C c1 and C c2 are the compressible terms derived from the P c1 and P c2 according to the correlation e = b*vk. The other terms and coefficients can be found in Menter. 25 The k-v turbulence model 2 (1988a) has similar form and is not listed here.
Pressure work and pressure-dilatation corrections. In TKE equation, pressure work and pressure-dilatation are described as
The pressure work 7 is modeled as
where s r = 0.5.
Tang and Gao
Pressure-dilatation 6 is modeled as
where a 2 = 0.4, a 3 = 0.2, and M T is the turbulence Mach number defined by
where a is the speed of sound and k is TKE. When the above corrections of pressure work and pressure-dilatation are applied to k-v SST and k-v turbulence models, the new compressibility terms c c1 and c c2 appear in the v equation according to the correlation e = b
where n t = m t /r is the turbulent kinematic viscosity.
Dilatation-dissipation correction. The dissipation terms are modeled as incompressible dissipation e s and dilatationdissipation e d where e s employs the original form. Sarkar et al., 3 Wilcox, 4 and Zeman 5 proposed compressibility corrections for dilatation-dissipation term based on the turbulence Mach number. The original coefficients of dissipation term are modified as
1. Sarkar et al. 3 model
2. Zeman 5 model
where g is the specific-heat ratio and H(x) is Heaviside step function with L = 0:66.
Wilcox 4 model
where M T 0 is equal to 0.25. Synthetical correction. Grasso and Falconi 13 adopt the dilatation-dissipation, pressure-dilatation, pressure work correction, turbulence length scale correction, and Karman constant modification synthetically in k-e equations. The dilatation-dissipation formula in Grasso and Falconi 13 is as follows
Turbulence length scale correction. The peak heating is generally overpredicted because v is very small leading to rapid increasing of turbulence length scale near reattachment. This does not exist in zero or one equations in which turbulence length scale is defined with algebraic correlation. Vuong and Coakley 9 modify this as
where a 1 = 0.31, k = 0.41, and d is the normal distance from the wall. The turbulence viscosity is computed by the following equation according the formulation
Rapid compression fix. The rapid compression fix 8 puts forward for separation zone size and wall pressure prediction by ensuring that the turbulent length scale does not change too quickly when undergoing rapid compression. In this method, the production term in the v equation
is modified as
where g is the specific-heat ratio and S 2 is defined by
Catris and Aupoix correction. Catris and Aupoix 19 proposed a modification of the diffusion terms to account for density gradients and retrieve the logarithmic law for hypersonic boundary layers. In this article, the correction for k-v model is as follows
Results and discussions 
Compressibility corrections
Hypersonic flat plate boundary layer. The numerical cases of turbulence boundary layer on a flat plate are selected for evaluating the suitability of compressibility corrections for hypersonic attached flows. The measured friction coefficients and Stanton number are given in the experiments. 26, 27 The Mach number is in the range of 5-11. Stanton number is defined as St = q w / r N U N C p (T aw 2 T w ), where r N and U N are freestream density and velocity, respectively; C p is the specific heat at constant pressure; T w is the wall temperature; and T aw is the recovery temperature defined by
where r is recovery factor and g is the specific heat ratio. In the experiment, the boundary layer transition occurs near the position of x = 0.1 m for Mach number 5.0 case and x = 0.2 m for the other cases. To simulate the transition in computation, the laminar simulation (m t is forced to be zero over all the domain prior to transition by hard-coded into the program) is adopted, while afterward the turbulent simulation works.
Numerical simulation is performed for seven cases of flat plate boundary layers with Mach numbers ranging from 5 to 11 and T w /T aw between 0.19 and 0.80. The detailed flow conditions are given in Table 1 . Noslip and isothermal wall boundary conditions are used. The inflow and top boundary is initiated with incoming airstream. The outflow boundary condition is treated using extrapolation from the interior of the domain.
A grid study for the M N = 5 flat plate case was conducted using the SST model on two sets of grids of 257 3 129 ( Figure 2 ) and 513 3 257. The y + of two sets of grid is set to be less than 1. The wall pressure and the heat flux acquired from the two sets of grids are shown in Figure 3 . It can be seen that there is no evident difference between the two results. Then the 257 3 129 grid as shown in Figure 2 is chosen for further study.
Profiles of turbulence Mach number are shown as a function of y in the boundary layer at the exit for several different cases in Figure 4 . It is shown that the maximum level was only about 0.28 when Mach number is 5; the peak M T arrives at 0.34 when Mach number goes up to about 8; and the peak M T reaches approximately 0.46 with the increasing Mach number up to about 10. However, the M T increases gradually as wall temperature decreases from T w /T aw = 0.31 to 0.21 with almost the same Mach numbers. For example, the M T in test case 3 is smaller than that in test case 4. Additionally, it can be seen that M T increases gradually with the decrease of Reynolds number at the same wall temperature but decreasing Mach numbers. For example, M T in test case 3 is greater than that in test case 5.
Typical flat plate test cases for M N = 5, 8.324, and 11.1 extracted from Table 1 11.1, there is a derivation between incompressible velocity profile and calculated results in the log-law region. Therefore, compressibility corrections are needed. First of all, the influence of compressibility corrections on calculated results is analyzed. The transformed velocity profiles by compressibility corrections show larger disagreement with the incompressible distributions in log-law region. It can be seen that the velocity profile of ''D-D_S'' is far above the incompressible velocity profile in log-law region. ''Press-dilatation'' and ''D-D_Z'' predict almost the same deviation from the incompressible logarithmic law while the ''D-D_S'' has the larger one. The changes of velocity profiles are the smallest for ''Pressure-work'' among all the compressibility corrections.
The dilatation-dissipation and ''Press-dilatation'' models are both constructed on the M T . In turbulence boundary layers where the M T value is large, they take effect. For equilibrium boundary layers, a 2 P j j k .a 3 re in equation (9), so the ''Press-dilatation'' reduces the production term of TKE. Consequently, the turbulent viscosity decreases. The ''Press-work'' contributes to reduce the TKE in the large pressure gradient region. The values of the two terms ''Press-dilatation'' and ''Press-work'' can be positive or negative. Therefore, from the aspect of the influence region, the ''Presswork'' has the greatest possibility to exhibit the least effect on calculated results by qualitative analysis. All the corrections make friction coefficient and heat transfer decrease and the effects become more evident with the increasing Mach numbers. The reason is that these corrections reduce the turbulent viscosity. The effect of pressure work is the least, then the ''Press-dilatation'' and ''D-D_Z'' have the slightly larger effect, and the correction level of ''D-D_S'' dilatationdissipation model is the largest. The correction levels of ''all'' method are between ''Zeman'' and ''Wilcox'' dilatation-dissipation due to the increasing threshold of M T . The ''all + length scale + Karman'' method makes friction and heat transfer lower further.
Next, the suitability of different compressibility corrections for various Mach numbers is analyzed: and ''D-D_W'' models is that excessive dilatation-dissipation is applied to turbulence models which suppresses the production of TKE and then lowers the turbulence viscosity coefficient. Therefore, the friction and heat transfer are reduced too much. 3. For synthetical correction models, the results of ''all'' and ''all + length scale + Karman'' method show a large deviation from experiments with Mach numbers ranging from 5 to 11, so they are not suitable for hypersonic flat plate boundary layer.
The magnitudes of production and dissipation terms normalized by rV 3 ' =L are presented in Figure 8 . The peak value of production term is formed in near wall region, and correction terms exhibit the influence of lowering the TKE. Figure 8 Moreover, the results of test case 7 for k-v turbulence model take on no significant difference compared with those for SST model as shown in Figures 9 and  10 . It can be seen that the similar variation trend is obtained with SST. It is notable that the effect of ''Press-work'' is greater than ''Press-dilatation'' which is opposite to SST results in Figure 10 .
Shock wave/boundary layer interaction. Shock-wave/boundary layer interaction is selected as the following studies after the investigations of the compressibility corrections for attached flow. For comparison of the performance for different compressibility correction models at various Mach numbers, three numerical cases of shock wave/boundary layer flows are selected for M N = 5.01, 9.22, and 11.3.
The hypersonic flow around an axisymmetric corner at Mach 5.01 is numerically simulated. The test case comes from Paciorri et al. 30 The experimental model is a hollow cylinder with a flare. A compressible turbulent boundary layer is formed around the cylinder surface and a separated flow is generated at the corner of the flare which leads to a separation shock wave intersecting with compression shock wave on the inclined surface of the flare. The flow conditions are M N = 5.01, T N = 83.1 K, p N = 6561.5 Pa, and T w = 300 K. The two-dimensional axisymmetric governing equations are applied to computations. The transition occurs about x = 0.125 m. Figure 11 gives the computational grid. The average spacing for the first layer of points from the wall surface is approximately 1 3 10
26
. Two sets of grids are selected to investigate the grid reliance of the results for the cylinder-flare at Mach 5.01. The first grid is 241 3 100 and the second is 481 3 200. Results are shown in Figure 12 . The two sets of grids yield very close results. Therefore, the grid 241 3 100 is adopted for our study. The following test cases are also validated for grid independence and are not listed one by one in this article. The results predicted by SST model is analyzed (Figures 13 and 14) . The pressure distributions by original model match the experiments well and location of the separation point also agrees with the experiments. But the peak heating is higher evidently than the experiments. ''Press-work'' and ''Press-dilatation'' corrections have a little effect on pressure distribution, but it can reduce the peak heating which make results closer to the experiments. ''D-D_Z'' presents a slight increase in the peak value of wall pressure and an evident decrease in peak heating which make results closer to the experiments, so ''D-D_Z'' presents the best results. Notably, all the compressibility corrections predict an earlier separation and a later reattachment which lead to a larger separation zone than the experiments. Comparison of pressure and Stanton number between original SST and k-v models is shown in Figure 15 . Boundary layer separation predicted by SST model matches experimental data well. However, the k-v result shows that pressure rise due to the separation shock is located somewhat downstream of the experiment. The simulation with the k-v model presents the undersized separation region. The results with both models show a slightly overestimated peak heating. The results of k-v compressibility corrections present the similar variation trends with that of SST compressibility corrections, as shown in Figures 16 and 17 .
The reason for larger separation zone predicted by compressibility corrections is analyzed. The M T profiles of different positions x = 0.217, 0.250, and 0.258 m corresponding to attached flow, middle of separation zone, and flows near reattachment point are shown in Figure 18 . It can be seen that the maximum level of M T is approximately 0.74 in separation zone. The compressibility corrections based on M T exhibit the large effect on the separation region. Thus, a larger derivation from the experiments is yielded. The reason is that the increasing dissipation reduces the level of TKE, then the turbulence viscosity decreases as shown in Figure  19 , and the boundary layer separates earlier.
Next, the numerical case of shock wave/boundary layer for higher Mach number is implemented. The experimental data come from Marvin et al. 27 The computational condition is Ma N = 9.22, T N = 64.5 K, r N = 0.1367 kg/m 3 , and T w = 295 K. The computation grid is shown in Figure 20 and the normal distance of first layer grid is 1 3 10 26 m. Figure 21 gives the wall pressure and heat transfer distributions predicted by original SST and k-v models. Experimental data are also presented for comparison. The SST simulation yields an earlier separation than the k-v model. Separation zone size is larger than the experiments. However, separation zone predicted by k-v model is more consistent with the experiments. The peak heating is overpredicted by both turbulence models, even though the reattachment points agree well with the experiments. Figure 22 shows the pressure distributions by seven compressibility corrections for SST models. It can be seen that all the compressibility corrections make the separation region larger. The wall pressure curves shift right because of earlier separation points and delayed reattachment points. But the corrections have little effect on peak pressure. In this test case, all the compressibility corrections (including ''Press-work,'' ''Press-dilatation,'' and ''D-D_Z'') exhibit an obvious deviation for the simulation of separation region. Table  2 gives the detailed data for the positions of separation points, reattachment points, and separation zone size. The results show that the ''Press-work'' correction has the smallest effect on separation zone, the effect of ''Press-dilatation'' is slightly larger, and dilatationdissipation has the largest effect. Among all the dilatation-dissipation corrections, correction level of ''D-D_Z'' is the least.
The compressibility corrections based on M T exhibit the great influence on separation zone which lead to a larger separation as shown in Figure 22 . The compressibility corrections on the separation zone produce a deviation from the experiments which is similar to the results of cylinder-flare test case at Mach 5.01. Figure 24 gives the Stanton number distribution predicted by compressibility corrections. The trend of larger separation region can also be observed. Besides, the peak value is still higher than experimental data, although the compressibility corrections can reduce the peak heating. As shown in Figure 24 , ''Press-work'' can reduce peak heating very little, ''press-dilatation'' takes second place, and dilatation-dissipation has the greatest effect on peak heating. ''all + length scale + Karman'' method can reduce peak heating further. ''all + length scale + Karman'' predicts the peak heating close to the experiments, but the separation point and reattachment point have a large deviation from the experimental data. Therefore, this consistence should be a coincidence.
The magnitudes of production, dissipation, and compressible terms normalized by rV 3 ' =L are presented in Figure 25 . Each term of compressibility corrections for ''all + length scale + Karman'' located at unseparated position x = 20.2 m is given in Figure 25 . The production and incompressible dissipation term e s are also given for comparison. It can be seen that the peak value of production term is generated at y + = O(10) which is similar to that of zero pressure gradient flat plate boundary layer. The pressure-dilatation term can be observed noticeably and others are very small. Figure 26 gives the contributions of compressibility correction terms to TKE as a function of y + near peak heating. Besides the peak near wall region y + = O(10), a new peak of TKE production occurs at y + about 1000. However, the peak of TKE production for original model only occurs at y + = O(10) which explains why original model predicts an overshoot of the peak heating. The pressure work, pressure-dilatation, and dilatation-dissipation terms cannot be ignored. In order to analyze the effects of the reattachment shock amplifying mechanism at the peak heating location, Figure 27 gives plot of TKE distribution as a function of streamwise direction x at y + = 1000. The figure shows that the pressure work has the positive value at peak heating location which helps to increase the TKE while the pressuer-dilatation and dilatation-dissipation have negative value resulting in the decrease of TKE. Figures 28 and 29 give the results of compressibility corrections for k-v model. The variation trend by k-v model is consistent with the SST results. Similarly, the separation zone becomes larger detrimentally and the peak heating is far from the experiments. Because the separation zone itself is smaller predicted by original k-v model, the separation zone predicted by corrected k-v model is better than SST.
Finally, the test case of shock wave/boundary layer flow for higher Mach number is performed in order to validate the above conclusions. The compression corner 27 shown in Figures 30-33 . It can be seen that the capture of separation point is relatively accurate, especially for k-v model. But the peaks of pressure and heat flux are overestimated compared with the experiments. The separation and reattachment points by compressibility corrections are largely deviated from the experiments and the separation zone is larger with the increasing Mach numbers. The compressibility corrections cannot enhance the simulation accuracy of the peak pressure and heating and are still far from the experiments. The influence trend is similar to the above test cases which verified the above conclusions further. The plot of turbulence Mach number as a function of y + is shown in Figure 34 , and similarly curves of three locations before separation, interior to separation zone, and near reattachment point are given. The maximum M T is about 0.93 which explains the reason for larger separation zone.
The physical mechanism of shock wave/boundary layer interaction is different from that of the flat plate boundary layer. First, in DNS results of He, 31 the effect of adverse pressure gradient on compressible turbulent boundary layer is that a second peak of the turbulent production occurs in the outer layer. However, the TKE reaches a peak near the wall for flat plate of zero adverse pressure gradients. Thus, the balance mechanism consists of production, dissipation, pressure-dilatation, and dilatation-dissipation. Secondly, because of adverse pressure gradient and viscous effect, the separation occurs for compression corner. The compressibility correction models constructed by turbulence Mach number exhibit compressible effect on turbulent structures with the increase of turbulence Mach number. However, the increase of turbulence Mach number in separation zone is not caused by the increasing compressible effect. In contrast, the compressible effect should be weaker due to the decrease of flow velocity in separation zone. Therefore, it is unreasonable physically that compressibility correction models based on turbulence Mach number take effect in separation zone. The compressibility corrections make the separation zone larger and generate more deviation from experimental data. Therefore, the effect of compressibility corrections on separation zone is detrimental.
Rapid compression fix. In order to assess the suitability of rapid compression fix method, numerical simulation for compression corner at Mach number 11.3 is carried out. 8 The results in Figure 35 show that the predicted separation zone by SST and k-v turbulence models with compressibility corrections is larger than that by original model. It can be seen that the k-v simulations present the largest separation region. Although the peak heating can be reduced to a value slightly lower than experiments, the deviation of separation and reattachment points from experiments is larger. 
Real gas effects
In this chapter, when freestream Mach number is greater than 10, the total temperature for the flat plate case at Mach 11.1 and compression corner case at Mach 11.3 are 1641 and 1619 k, respectively. Therefore, taking the excitation of vibrational energy into account, the specific heat is not constant. The specific heat variations with the temperature are considered. The results in Figures 38 and 39 show that there are almost no visible differences between the results of constant and variable specific heat.
Conclusion
In this article, the application study of the various compressibility corrections including pressure work, pressuredilatation, dilatation-dissipation (Sarkar, Zeman, and Wilcox) and synthetical correction models are performed for hypersonic boundary layer flows. The two typical problems of flat plate boundary layer and shock wave/ boundary layer interaction are calculated with Favre averaged Navier-Stokes equations. SST and k-v turbulence model and their correction version are employed. The results of wall pressure, Stanton number, and friction distributions are compared with experiments.
The following conclusions can be drawn for the hypersonic flat plate turbulent boundary layer flows: The following conclusion can be drawn from the studies for shock wave/boundary layer interaction: 1. The compressibility corrections make the separation point move upstream and reattachment point shift downstream; thus a larger separation zone is generated. The reason for larger separation zone predicted by compressibility corrections is that the increase of the M T in separation zone caused by the increasing TKE leads to a decrease in Reynolds stress. However, the increase of the M T in separation zone is not caused by compressibility effects. Therefore, we think that the compressibility corrections that take effect in separation zone are unreasonable. 2. Although the prediction of separation point by original k-v SST is relatively accurate, especially for k-v model, the peaks of pressure and heat flux are overestimated. However, compressibility corrections generate the larger deviation of separation and reattachment points from the experiments. The pressure work correction has the least effect on results, the effect of pressuredilatation is slightly larger, and dilatationdissipation has the largest effect. The effect tendency of the three dilation-dissipation corrections is the same with that in plate boundary layer. ''Sarkar'' creates the largest difference, ''Wilcox'' takes second place, and ''Zeman'' generates the smallest. The deviation becomes larger with the increasing Mach number. The simulation accuracy of pressure and heat flux peaks does not improve by compressibility corrections. 3. Rapid compression fix method makes separation zone larger and heat transfer lower by adding dissipation. But its predicted reattachment point has much deviation. 4. The peak heating predicted by density-corrected model matches the experimental data well at the cost of a little larger separation zone. The overestimation of heat flux near the reattachment point in shock wave/boundary layer interaction simulation is improved by density-corrected model. The density-corrected model enhances the prediction accuracy of shock wave/boundary layer interaction simulation effectively.
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